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ABSTRACT: The development of new surface functionaliza-
tion methods that are easy to use, versatile, and allow local
deposition represents a real scientiﬁc challenge. Overcoming
this challenge, we present here a one-pot process that consists
in self-assembling, by electrochemistry on an electrode, ﬁlms
made of oppositely charged macromolecules. This method
relies on a charge-shifting polyanion, dimethylmaleic-modiﬁed
poly(allylamine) (PAHd), that undergoes hydrolysis at acidic
pH, leading to an overall switching of its charge. When a
mixture of the two polyanions, PAHd and poly-
(styrenesulfonate) (PSS), is placed in contact with an electrode,
where the pH is decreased locally by electrochemistry, the
transformation of PAHd into a polycation (PAH) leads to the continuous self-assembly of a nanometric PAH/PSS ﬁlm by
electrostatic interactions. The pH decrease is obtained by the electrochemical oxidation of hydroquinone, which produces
protons locally over nanometric distances. Using a negatively charged enzyme, alkaline phosphatase (AP), instead of PSS, this
one-pot process allows the creation of enzymatically active ﬁlms. Under mild conditions, self-assembled PAH/AP ﬁlms have an
enzymatic activity which is adjustable simply by controlling the self-assembly time. The selective functionalization of
microelectrode arrays by PAH/AP was achieved, opening the route toward miniaturized biosensors.
■ INTRODUCTION
Functional materials are predicted to have an enormous impact
on many aspects of society, among them next-generation health
care and energy-related technologies. Bottom-up approaches
are considered to be the most appropriate routes for their
synthesis.1,2 For almost 40 years, the scientiﬁc community has
explored self-assembling systems, and numerous complex and
hierarchical structures have been described.3 However, almost
all of these structures obtained by mixing molecules were
realized in solution or in a step-by-step manner on a surface.
The layer-by-layer (LbL) assembly of polyanions and
polycations, leading to so-called polyelectrolyte multilayer
ﬁlms, is certainly the strategy that has attracted the most
attention.4,5 It has opened new avenues in ﬁelds such as surface
treatment,6−8 biomaterials,9−11 energy storage,12,13 and optical
properties.6,14,15 Enzyme-based LbL’s are especially interesting
in reactor sensing,16 glucose monitoring,17 drug delivery,18 and
optical and electrochemical biosensors.19 On the basis of the
stepwise formation of polyanion/polycation complexes held
together by electrostatic interactions, it allows the formation of
organic ﬁlms whose thicknesses range from nanometers to
micrometers. However, even if LbL buildup is a powerful
functionalization tool, it is a tedious one often requiring
numerous steps. It was reported that one can also build up, in a
step-by-step manner, ﬁlms from a single solution containing
polycation/polyanion complexes, PEDOT/PSS, respectively
[PEDOT is poly(3,4-ethylenedioxythiophene); PSS is poly-
(styrenesulfonate)].20 This ﬁlm was obtained by a step-by-step
adsorption of PEDOT/PSS realized by spin coating and
followed by a drying step after each deposition. Recently, a
polyelectrolyte complex made of PSS and poly-
(diallyldimethylammonium) (PDADMAC) in KBr solution
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was spin coated to form thin and homogeneous ﬁlms that can
be released as free-standing membranes.21 Using a one-pot
method triggered by an external stimulus seems to be the best
way to induce ﬁlm buildup. The electrochemically triggered
formation of ﬁlms can be divided into two categories: one
encompassing the methods based on weak interactions such as
precipitation22,23 or the continuous adsorption24−26 of
polyelectrolytes and self-assemblies of physical gels27 or
proteins28−30 and another one where the ﬁlm relies on the
formation of covalent bonds between monomers (electro-
polymerization).31
Inspired from processes found in developmental biology,32
we introduced the concept of morphogen-driven ﬁlm buildup.
When extended to chemistry, a morphogen is deﬁned as a
molecule or an ion that is produced at an interface and diﬀuses
into the solution, thus creating a concentration gradient, and
that locally induces a chemical process. Electroclick chemistry
was used to create the ﬁrst morphogen-driven ﬁlm buildup
constituted of two interacting polymers.33−37 The role of the
morphogen was played by Cu(I) generated at the electrode
which catalyzed the reaction between polymers bearing either
azide or alkyne moieties. On the basis of controlled
polymerization, Caruso and collaborators introduced a similar
concept of the continuous assembly of polymers to develop
nanoscale ﬁlms in a single step using macro-cross-linkers.38,39
The self-construction on surfaces of ﬁlms whose cohesion is
entirely based on electrostatic interactions represents a real
challenge since polyelectrolytes with opposite charges sponta-
neously self-assemble to form polyanion/polycation complexes
when mixed in solution. Merging the ﬁelds of polyelectrolyte
multilayers and morphogen-driven ﬁlm buildup, we present
here a strategy which allows the self-assembly of oppositely
charged macromolecules on a surface. Our strategy relies on a
charge-shifting polymer:40 a dimethylmaleic-modiﬁed poly-
(allylamine) (PAHd) that undergoes hydrolysis at acidic pH
leading to a polycation, poly(allylamine hydrochloride) (PAH),
was synthesized (Figure 1a).41 Protons can be electrogenerated
by the oxidation of hydroquinone, leading to a pH gradient on
the surface of the electrode. In the presence of another
polyanion, poly(styrenesulfonate) (PSS), the rapid hydrolysis
of PAHd into PAH initiates the formation of PAH/PSS
complexes. Conﬁned over nanometric distances near the
electrode, the pH gradient leads to the continuous self-
assembly of a nanometric PAH/PSS ﬁlm (Figure 1b). We
started by using a solution containing both PAHd and PSS, a
polyanion fully charged over a large pH range. In a second trial,
PSS was replaced by an enzyme.
■ EXPERIMENTAL SECTION
Chemicals. Polyethylenimine (PEI, M = 750 000 g/mol, CAS
9002-98-6), poly(sodium 4-styrenesulfonate) (PSS, M = 70 000 g/
mol, CAS 25704-18-1), poly(allylamine hydrochloride) (PAH, M =
56 000 g/mol, CAS 71550-12-4), sodium nitrate (NaNO3, 7631-99-4),
potassium hexacyanoferrate(II) (M = 422.41 g/mol, CAS 14459-95-
1), hydroquinone (M = 110.11 g/mol, CAS 123-31-9), para-
nitrophenyl phosphate liquid substrate (pNPP, P7998, CAS 4264-
83-9), deuterated sodium hydroxide (NaOD), and deuterated
hydrochloric acid (DCl, 36% in D2O) were purchased from Sigma-
Aldrich. Alkaline phosphatase (AP, P0252, CAS 9001-78-9) was
purchased from TCI Europe. D2O (99%) was purchased from Euriso-
top. All chemicals were used as received. AP labeled with rhodamine
(APrho) was synthesized as described in a previous work.42 PEI, PSS,
and PAH solutions were prepared at 1 mg/mL by the dissolution of an
adequate amount in 150 mM NaNO3 aqueous solution. PAHd and
PSS mixture solutions were prepared at 1 mg/mL in a 150 mM
NaNO3 aqueous solution with 60 mM hydroquinone and were
adjusted to pH 7.7 unless otherwise stated. PAHd and AP mixture
solutions were prepared at 1 mg/mL in a 150 mM NaNO3 aqueous
solution with 60 mM hydroquinone and were adjusted to pH 7.
Synthesis of Dimethylmaleic-Modiﬁed Poly(allylamine)
(PAHd). The procedure was inspired by Lynn and collaborators.41
PAH (0.5 g, 5.3 mmol, 1.0 equiv) was dissolved in a 1 M NaOH
aqueous solution (15 mL) and stirred overnight. 2,3-Dimethylmaleic
anhydride (2.7 g, 21.4 mmol, 4.0 equiv) was added by portion,
maintaining the pH of the reaction solution above 10 by the addition
of a 6 M NaOH aqueous solution. The reaction mixture was stirred
overnight at room temperature and then dialyzed with a cellulose ester
membrane (MWCO 14 000−16 000) against Milli-Q water (adjusted
to pH >10 by using NaOH aqueous solution) for 3 days. The ﬁnal
solution was freeze-dried to give the desired PAHd as a white solid
(0.938 g, 80%). FTIR (neat): 3264, 2914, 2852, 1630, 1554, 1392,
1305 cm−1. 1H NMR (400 MHz, D2O, δ) 3.25 (bs, 2H), 1.86 (m, 7H),
1.27 (bs, 2H). 13C NMR (100 MHz, D2O, δ) 179.1, 175.2, 138.3,
129.5, 43.3, 36.3, 32.7, 16.7, 16.2.
Electrochemical Quartz Crystal Microbalance (EC-QCM) with
Dissipation Monitoring. The electrochemical quartz crystal micro-
balance (EC-QCM) experiments were performed on a Q-Sense E1
apparatus from Q-Sense AB (Gothenburg, Sweden) by monitoring the
changes in the resonance frequency fν and the dissipation factor Dν of
an oscillating quartz crystal upon adsorption of a viscoelastic layer (ν
represents the overtone number, equal to 1, 3, etc.). The quartz crystal
is excited at its fundamental frequency (5 MHz), and the
measurements are performed at the ﬁrst, third, ﬁfth, and seventh
overtones, corresponding to 5, 15, 25, and 35 MHz. The QCM
measurement is sensitive to the amount of water associated with the
adsorbed molecules and senses the viscoelastic changes in the
interfacial material. Only the normalized frequency shifts of the
fundamental frequency (Δf1) and the third overtone (Δf 3/3) are
presented. The gold-coated QCM sensor acted as a working electrode.
A platinum electrode on the top wall of the chamber and a no-leak Ag/
Figure 1. (a) Principle of the charge-shifting polyelectrolytes: PAHd (negatively charged) hydrolyzes under acidic conditions into PAH (positively
charged). (b) Schematic representation of the one-pot self-assembly of the PAH/PSS ﬁlm triggered by the application of a constant current leading
to a pH decrease, transforming PAHd into PAH that complexes with PSS present in the solution near the electrode. The experiments were
performed in the presence of 60 mM hydoquinone in a 150 mM NaNO3 aqueous solution adjusted to pH 7.7.
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AgCl reference electrode ﬁxed in the outlet ﬂow channel were used as
counter and reference electrodes, respectively. Electrochemical
measurements were performed on a CHI660E apparatus from CH
Instruments (Austin, TX) coupled to the QCM-D (named EC-QCM)
apparatus. Before the buildup of the polymer ﬁlm, in order to test the
quality of the EC-QCM cell, a capacitive current and a faradic current
of a 1 mM potassium hexacyanoferrate (II) aqueous solution were
recorded. A 150 mM NaNO3 aqueous solution was prepared to
measure the capacitive current of the EC-QCM cell. Potassium
hexacyanoferrate (II) (1 mM) was prepared in a 150 mM NaNO3
aqueous solution and placed in contact with the crystal to monitor its
cyclic voltammogram. The polymer ﬁlm buildup was controlled by
applying a ﬁxed current (chronopotentiometry in galvanostatic mode)
as described in the text.
Film Buildup Procedure. An anchoring bilayer of PEI/PSS was
deposited onto the gold working electrode by the LbL technique prior
to ﬁlm buildup. The aqueous PEI solution (1 mg/mL in 150 mM
NaNO3) was injected into the electrochemical cell (600 μL) at a ﬂow
rate of 600 μL/min with a peristaltic pump. The adsorption of the
polycation was monitored by EC-QCM. Once the signal stabilized, i.e.,
after ca. 5 min, 600 μL of a 150 mM NaNO3 aqueous solution was
injected into the cell to rinse it for 2 min. The aqueous polyanion
solution (PSS at 1 mg/mL in 150 mM NaNO3) was then injected into
the cell (600 μL) with the peristaltic pump. The adsorption of the
polyanion on the previous polycation layer was monitored by EC-
QCM. Once the signal stabilized, i.e., after ca. 5 min, an aqueous
solution of 150 mM NaNO3 was injected into the cell to rinse it (600
μL) for 2 min. An aqueous solution of 150 mM NaNO3 containing
PAHd (1 mg/mL), PSS (1 mg/mL), and hydroquinone (60 mM)
adjusted to pH 7.7 was then injected into the electrochemical cell with
a continuous ﬂow rate of 50 μL/min. When using AP instead of PSS,
an aqueous solution of 150 mM NaNO3 containing PAHd (1 mg/
mL), AP (1 mg/mL), and hydroquinone (60 mM) adjusted to pH 8.4
was used. Once the EC-QCM signal stabilized, a galvanostatic current
was then applied for 1 h to trigger the hydroquinone oxidation and
start the self-assembly of the ﬁlm. After the self-assembly, an aqueous
solution of 150 mM NaNO3 was injected into the cell (600 μL). The
gold working electrode was then unmounted from the EC-QCM and
dried with a ﬂow of dry air for 5 min, and the samples were stored in
the dry state.
Atomic Force Microscopy. Polyelectrolyte ﬁlm samples, to be
studied by atomic force microscopy (AFM) in the liquid state, were
built on the quartz crystal inside the EC-QCM apparatus. AFM images
were obtained in contact mode under liquid conditions with the
Nanoscope IV from Veeco (Santa Barbara, CA). Cantilevers with a
spring constant of 0.03 N/m and silicon nitride tips (model
MSCTAUHW, Veeco) were used. We always performed several
scans over a given surface area. These scans had to produce
comparable images to ascertain that there was no sample damage
induced by the tip. Deﬂection and height images (10 μm × 10 μm)
were scanned at a ﬁxed scan rate (2 Hz) with a resolution of 512 ×
512 pixels.
X-ray Photoelectron Spectroscopy. The chemical composition
of the ﬁlms was determined by X-ray photoelectron spectroscopy
(XPS) analysis. This analysis was performed with a Thermo VG
Scientiﬁc spectrometer equipped with an Al Kα X-ray source (1486.6
eV). It operated at 225 W under ultrahigh vacuum (pressure lower
than 5.0 × 10−8 mbar). The incident angle and the source-to-analyzer
angle were set to 45 and 90°, respectively. The probing depth of the
technique is estimated to range from 5 to 8 nm. The survey scans were
collected from 0 to 1100 eV with a pass energy of 50 eV, and the high-
resolution scans were performed with the pass energy adjusted to 20
eV. The spectra were recorded with Avantage V.2.26 software and
analyzed with Casa XPS 2.3.16 software. For calibration purposes, the
carbon C 1s electron bond energy corresponding to aliphatic carbon
was referenced to 285.0 eV. Raw areas determined after background
subtraction were corrected according to Scoﬁeld sensitivity factors (C
1s, 1.00; N 1s, 1.80; S 2p, 1.68). The curve ﬁtting was performed using
a convolution of Gaussian and Lorentzian line shapes with a typical
ratio of 70:30. This peak-ﬁtting procedure was repeated until an
acceptable ﬁt was obtained with a consideration of peak position and
full width at half-maximum.
Enzymatic Activity of PAH/AP Films. A multidetector
spectroscope UV (Xenius XC, SAFAS, Monaco) equipped with a
microplate reader was used to monitor the catalytic activity of the
enzymes within PAH/AP ﬁlms in contact with their substrate, the
paranitrophenyl phosphate. The solution of this compound was
prepared at 10% w/w with 10 mM Tris buﬀer at pH 8.0. The
enzymatic reaction yields para-nitrophenol, which becomes an
intensely yellow soluble product monitored at the wavelength of 405
nm every 2 min for 80 min.
Functionalization of Microelectrodes. To deposit the PEI−PSS
anchoring bilayer, the interdigitated array electrode (IDA ref: A-
012125, Biologic) was immersed in a PEI solution (1 mg/mL in 150
mM NaNO3) followed by a rinsing step in a 150 mM NaNO3 solution
and a PSS solution (1 mg/mL in 150 mM NaNO3) followed by a
rinsing step in the 150 mM NaNO3 solution. An aqueous solution of
150 mM NaNO3 containing PAHd (1 mg/mL), AP (0.9 mg/mL),
APrho (0.1 mg/mL), and hydroquinone (60 mM) adjusted to 8.4 was
brought into contact with the microelectrodes. The microelectrode
was addressed for 15 min through the application of a current (10 μA)
with the CHI 660e potentiostat/galvanostat in a three-electrode cell
where the working electrode was one of the IDA electrodes, the
counter electrode was part of the IDA, and the reference electrode was
a no-leak Ag/AgCl reference electrode. A SARFUS IMAGING HR
station (Nanolane, Le Mans) was used in bright ﬁeld and ﬂuorescence
mode to image the IDA electrodes.
■ RESULTS AND DISCUSSION
Although amide bond hydrolysis is slow in aqueous solution,
maleic amide bonds are cleaved easily at low pH, providing free
amino groups. Using this property, Lynn introduced charge-
shifting polyelectrolytes to release, under a pH trigger, a
ﬂuorescent polycation in a controlled manner from polyelec-
trolyte multilayers.41 We ﬁrst investigated the hydrolysis of
PAHd into PAH in D2O solution as a function of pD (pD = pH
+ 0.41)43 by 1H NMR spectroscopy at room temperature. The
degree of hydrolysis of PAHd was followed as a function of
time for diﬀerent pD values (Figure S1a in Supporting
Information, SI). The hydrolysis reaction takes place rapidly
in less than 10 min, reaching a plateau value after 20 min. The
ﬁnal proportion of hydrolyzed PAHd increases with the
decrease in pD (Figure S1b in SI). For pD values below 3,
almost 100% of the dimethylmaleic groups are hydrolyzed.
PAHd thus appears to be the charge-shifting polyelectrolyte of
choice to self-assemble ﬁlms of oppositely charged macro-
molecules rapidly by using a pH (or pD) gradient. The most
common way to establish a pH gradient in electrochemistry
consists of the electrolysis of water, which generates protons or
hydroxide. To generate protons, the oxidation of hydroquinone
is preferred because of the lower oxidative potential required
(0.3−0.4 V compared to 1.5−1.7 V for water electrolysis),
which is well suited to the gold-coated working electrode. By
the electrochemical oxidation of hydroquinone into 1,4-
benzoquinone, two electrons are transferred to the electrode
concomitantly with the production of two protons released in
the media. It has been calculated that this oxidation leads to a
pH of 3.6 in close proximity to the surface that increases
gradually to neutral away from it.27
Electrochemical-quartz crystal microbalance (EC-QCM) was
used to monitor the self-assembly in situ during the application
of the current with the gold QCM crystal acting as the working
electrode. We used two frequencies for measurements
depending on the thickness of the deposition. The acoustic
wave with the fundamental frequency (near 5 MHz) has a
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higher penetration depth and allows us to follow the buildup of
thick ﬁlms. Less sensitive to the boundary eﬀects of the crystal,
the third harmonic at 15 MHz (−Δf 3/3) is more stable for thin
depositions. The electrode was ﬁrst covered with a layer of
branched poly(ethylenimine) (PEI) to ensure a strong
anchoring on the surface, followed by the deposition of a
PSS layer rendering the surface negatively charged. This latter
deposition was intended to prevent the nonspeciﬁc adsorption
of PSS or PAHd. When the PEI−PSS precoated electrode was
brought into contact with the negatively charged PAHd in the
presence of 60 mM hydroquinone and 150 mM NaNO3 at pH
7.7, a small frequency shift was observed as expected. As soon
as a current of 90 μA was applied, the opposite of the
normalized frequency shift increased rapidly and stabilized at
about 18 Hz (Figure S2 in SI), corresponding typically to the
deposition of one PAH layer on the previously adsorbed PSS
layer. Now, when a mixture of PAHd/PSS (instead of only
PAHd or PSS) in the presence of 60 mM hydroquinone and
150 mM NaNO3 at pH 7.7 is injected onto a PEI−PSS
precoated electrode, no signal is observed in the absence of
current. A ﬂow rate of 0.05 mL/min was imposed to ensure a
constant concentration of reactants in the electrochemical cell.
When a current of 90 μA was applied, the normalized frequency
shift increased, in a ﬁrst approximation, linearly with time,
showing the self-assembly of a PAH/PSS ﬁlm (Figure 2a). In
the sole presence of PSS and hydroquinone in solution, a small
frequency shift (10 Hz) was observed (Figure S2b in SI). The
presence of both partners is thus required, which strongly
indicates the self-assembly of a PAH/PSS ﬁlm.
The morphology of the deposited ﬁlm was characterized by
atomic force microscopy (AFM) in contact mode and the
liquid state (Figure S3 in SI). After scratching, the thickness of
the ﬁlm was also determined. Figure 2b shows a typical
morphology corresponding to a PAH/PSS ﬁlm self-assembled
for 60 min at pH 7.7 with an applied current of 90 μA. The ﬁlm
uniformly covers the whole substrate with a thickness of 388 ±
22 nm (determined from three measurements of the z section)
and a roughness of 47 nm (determined on 10 × 10 μm2
images). The ﬁlm thickness increases as a function of the
application time of the current whereas the ﬁlm roughness stays
constant at about 50 nm (Figure 3). The constant roughness is
due to the self-assembly of PAH/PSS complexes on the
substrate along the process.
The simultaneous presence of both partners in the ﬁlm was
checked through X-ray photoelectron spectroscopy (XPS). The
atomic composition of ﬁlms obtained at 40, 60, 80, and 90 μA
has been analyzed after 60 min of self-assembly. For all of these
ﬁlms, the presence of PAH and PSS is conﬁrmed by the
presence of sulfur atoms, S(2p), from PSS and nitrogen atoms,
N(1s), from PAH. Data are gathered in Tables S1 and S2 with
typical XPS spectra in the SI. The measured atomic ratio of
S(2p)/N(1s) lies between 1.12 and 1.34, showing a small
excess of PSS in self-assembled PAH/PSS ﬁlms whatever the
applied current (Figure S4a in SI). The measurement of the
ratio of nitrogen involved in the amide bonds (NHCO) allows
access to the degree of hydrolysis of PAHd. This hydrolysis is
complete for current intensities above 60 μA (Figure S4b in
SI).
To gain more insight in the mechanism, several parameters
that might inﬂuence the buildup process were varied. The
current intensity was varied from 30 to 90 μA while keeping the
pH of the mixture solution at 7.7. The increase in the
normalized frequency shift, related to the mass adsorbed, varies
Figure 2. (a) Evolution of the opposite of the frequency shift as a function of time at an applied current of 90 μA for a PAHd/PSS mixture in contact
with a PEI−PSS precoated electrode in the presence of 60 mM hydroquinone. (b) Typical 3D AFM image, in contact mode and the liquid state, and
a section proﬁle of a scratched PAH/PSS ﬁlm obtained after 60 min of self-assembly.
Figure 3. Evolution of PAH/PSS ﬁlm thickness and roughness,
measured by AFM in contact mode in the liquid state, obtained after
15, 30, 45, and 60 min of self-assembly for an applied current of 90 μA.
The ﬁlm thickness was evaluated on three diﬀerent proﬁlometric
sections of the scratched ﬁlm (Figure S-3 in SI). The roughness of the
ﬁlms was evaluated on 10 × 10 μm2 AFM images. The data represent
the mean and the standard deviation of three measurements.
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with the applied current intensity (Figure S5 in SI). Thus, the
PAH/PSS ﬁlm self-assembly kinetics strongly depend on the
applied current: higher current intensities lead to faster buildup
kinetics (Figure 4a). For currents such as 30 and 40 μA, almost
no buildup is observed. Higher current intensity leads to more
acidic conditions in the vicinity of the working electrode,
leading to a faster transformation of PAHd in PAH. The
increase in the frequency shift stops as soon as the current is
switched oﬀ and starts again when the current is switch on
(Figure 4b). These experiments prove the continuous buildup
of a ﬁlm in the presence of PAHd and PSS under
electrochemical control.
The inﬂuence of the pH of the mixture solution was also
investigated for an applied current of 90 μA (Figure S6a in SI).
At pH 6.5, the buildup process cannot be realized because the
PAHd/PSS solution becomes rapidly turbid, indicating the
rapid hydrolysis of PAHd into PAH and the formation of PAH/
PSS complexes in solution. At pH 7.5 and 7, the buildup
kinetics are decreased compared to those at pH 7.7. Above pH
7.7, the self-assembly kinetics are also decreased until no ﬁlm
builds up at pH 8.7. It thus comes out that the optimal pH
window allowing self-assembly is fairly narrow, lying between
7.7 and 8.5. When the experiments were realized at pH 7.7 in
0.75 mM HEPES buﬀer solution, the buildup kinetics
dramatically decreased (Figure S6b in SI). This is expected
since the production of protons at the interface is neutralized in
a buﬀer solution. The pH gradient near the electrode is thus
strongly reduced, hindering the hydrolysis of PAHd. These
experiments highlight the crucial role of the pH gradient from
the surface on the self-assembly of the ﬁlm.
To generalize this concept, PSS was replaced by an enzyme,
alkaline phosphatase (AP), whose isoelectric point is close to 4.
By changing the pH and the current applied, the self-assembly
of PAH/AP ﬁlms was optimized (Figure S7 in SI). The best
buildup was obtained with a mixture solution at pH 8.4 and
with a current application in two steps, i.e., 100 μA for 10 min
followed by 90 μA. A small increase in the opposite of the
normalized frequency shift (30 Hz) is observed at the injection
of the PAHd/enzyme mixture solution due to electrostatic
adsorption. As soon as the current is applied, an increase in the
signal takes place (Figure S8 in SI).
The self-assembly kinetics of the PAH/AP ﬁlm is much
slower than that of the PAH/PSS ﬁlm (Figure 5a). After 15 min
of self-assembly, the substrate is totally covered with a ﬁlm
(Figure S9 in SI) whose thickness is about 24 ± 1 nm with a
roughness of 10 nm. For longer times, a linear increase in the
thickness is observed up to 33 ± 2 nm for 60 min (Figure 5b,
and the roughness seems to stabilize at about 30 nm (Figure
S10 in SI).
Using paranitrophenyl phosphate (a chromogenic substrate
of AP), we monitored the enzymatic activity of self-assembled
PAH/AP ﬁlms built at an applied current of 100 μA for 10 min,
followed by 90 μA for 15, 30, and 45 min. In the presence of
AP, paranitrophenyl phosphate is transformed into para-
nitrophenol that can be measured by UV spectroscopy at 405
nm (Figure S11 in SI). The enzymatic activity of the ﬁlm
increases with the self-assembly time, i.e., the quantity of
enzyme adsorbed (Figure 6a), until reaching a plateau. This
plateau can be explained by the substrate diﬀusion limitations
and the reduced enzyme accessibility that is well established for
multilayers of enzymes as the thickness increases.44−46 This
result is extremely interesting for future biosensor applications
since it should allow us to control the sensor sensitivity simply
by tuning the ﬁlm deposition time.
Figure 4. (a) Opposite of the frequency shift measured after 60 min of
self-assembly with a PAHd/PSS mixture at pH 7.7 at diﬀerent current
intensities (from 30 to 90 μA). (b) Evolution of the opposite of the
frequency shift as a function of time during PAH/PSS self-assembly at
an applied current of 80 μA for 40 min in two steps of 20 min
separated by 60 min without any current.
Figure 5. (a) Evolution of the opposite of the normalized frequency shift of the third overtone, measured by EC-QCM, as a function of time during
the self-assembly of PAH/AP ﬁlm on a PEI−PSS precoated electrode at an applied current of 100 μA for 10 min, followed by 90 μA for 1 h. Mean
and standard deviation of the obtained ﬁlms from three independent measurements after the subtraction of the contribution of the PEI−PSS
precursor ﬁlm. PAHd and AP were each at 1 mg/mL in the presence of hydroquinone (60 mM) at pH 8.4. (b) Typical 3D AFM image and section
proﬁle, obtained in contact mode and the liquid state, of a scratched PAH/AP ﬁlm obtained after 60 min of self-assembly.
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Since the pH shift is localized near the electrode, it should be
adequate to functionalize microelectrodes. Using rhodamine-
labeled AP (APrho), a PAH/APrho ﬁlm was built up on
interdigitated arrays (IDA) of electrodes (Figure S-12 in SI) by
the application of 10 μA on one of the two arrays for 15 min.
The microelectrodes were imaged by optical microscopy in
bright ﬁeld and in ﬂuorescence to check for the presence of
APrho and to verify its spatial localization (Figure 6b,c). The
PAH/APrho ﬁlm exhibits an excellent spatioselectivity since
high ﬂuorescence is observed only on the addressed micro-
electrodes.
■ CONCLUSIONS
On the basis of the concept of the morphogen-driven buildup
of ﬁlms, the self-assembly of oppositely charged macro-
molecules was addressed by using a mixture of polyanion (or
enzyme) and a charge-shifting polyanion, PAHd, which
hydrolyzes into PAH under acidic conditions. By generating
protons locally through the oxidation of hydroquinone under a
constant current, a pH decrease is obtained near the electrode
and leads to the continuous self-assembly of a PAH/PSS
nanometric ﬁlm. When using an enzyme instead of PSS, i.e.,
PAHd/enzyme solutions, an enzymatically active ﬁlm whose
activity increases with deposition time is self-assembled. This
process is well suited to the functionalization of micro-
electrodes by enzymes, opening the route toward miniaturized
biosensors.
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